INTRODUCTION
Many cellular activities of proteins, such as cell adhesion, translocation, or ligand binding, require a specific mechanical strength of the protein fold. [1] [2] [3] [4] [5] In the case of the muscle protein titin, the main biological function of the protein is to provide structural resistance to unfolding forces during stretching of the muscle sarcomere and restoring the native fold once external forces are no longer applied. 6-11 Even some proteins with no obvious mechanical functions, like the B1 domain of protein G or ubiquitin, show a remarkably high mechanical stability. 12-14 Progress in understanding how proteins react to external unfolding forces, using single molecule force spectroscopy by atomic force microscopy (AFM) or laser optical tweezers, combined with steered molecular dynamics (SMD) calculations has been made in recent years, 5,15 yet general rules that govern the mechanical stability of proteins are still elusive.
SMD calculations on titin, fibronectin, and other b-barrel domains provided evidence that the topology of secondary structures in proteins plays an important role in their mechanical strength. 8,16-20 It was observed that two bstrands, forming hydrogen bonds between the N-and the C-terminal end of the polypeptide chain, function as a mechanical clamp that resists the shear forces applied to the termini. The importance of the hydrogen bond network was verified by AFM experiments on mutant proteins with point mutations that disturb these hydrogen bonds. 21, 22 More recently, it was found that the shear mechanical clamp motif occurs also in other mechanically stable proteins such as the scaffoldings. 23 Thus, it was proposed that the shear mechanical clamp was responsible for the main force barrier observed in the AFM experiments. However, the fact that different Ig domains with homologous folds could have various unfolding forces ranging from 100 to 350 pN (at pulling velocity of $0.5 nm/ms) 24 implies that the mechanical clamp is not the only contributor, and that the side chains and the hydrophobic interactions of the core are also involved in the mechanical stability.
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experimentally observed mechanical strength. Particularly challenging is the design of novel proteins with increased mechanical strength. 5,25,26 . Our design strategy uses force-specific linear sequence motifs that we recently determined for the titin domains. 27 The approach took advantage of the differences in the mechanical stabilities of the Ig domains in the I-band of titin, where the Ig domains close to the N-terminus (weak domains) unfold at forces $100 pN lower than the Ig domains close to the C-terminus of the I-band (strong domains). 24 We have used sequence analysis techniques with the software PCPMer 28 to search for conserved physical-chemical properties (PCPs) of residues among weak domains and across species and compared them to those PCPs found in strong domains. We identified two sequence motifs that are unique among strong Ig domains and two motifs that are unique for the weak Ig domains of titin. To experimentally test the impact of these motifs on the mechanical stability of the Ig domains, we now designed four new mutants of the weak I1 domain of titin guided by these motifs. The analysis of the mechanical strengths of these mutants by AFM experiments confirmed that at least two of the mutants have increased mechanical strength as predicted by our design. This encouraging result represents the first step to further delineate the contribution of individual motifs to the overall mechanical strength and to establish a quantitative predictive method of mechanical stability for domains with identical folds but large sequence variations.
METHODS

Expression and purification of polyproteins
The DNA sequences for the four engineered mutants of the I1 domain were synthesized by DNA2.0. Polyproteins with five sequential arranged domains were constructed for each designed domain to measure the effects on the mechanical stability by AFM experiments. Each polyprotein is composed of four wild-type I27 domains flanking one designed target domain in the middle. The wild-type I27 domain is used as an internal fingerprint because its mechanical property is well characterized. A 6His-tag was attached to the N-terminal for purification and anchoring to the cover slip. The dipeptide Cys-Cys was added to the N-terminal for the attachment to the AFM probe. The polyproteins were expressed in Escherichia coli BL21 using home-made plasmid pAFM 29 and purified by Ni-affinity chromatography.
CD spectroscopy
CD spectra of all the polyproteins were recorded with JASCO J-815 at room temperature. A 10-mM phosphate buffer was used as buffer for the proteins and its signal was later subtracted from the spectra. The path length of the cuvette was 1 mm. The concentrations of proteins were determined by Bradford assay for the fitting of the CD spectra. Each spectrum was averaged from three scans from 200 to 260 nm at scanning speed of 50 nm/ min.
Atomic force microscopy
The unfolding forces of the novel proteins were measured with our home-built AFM instrument at room temperature. The polyproteins were diluted with PBS buffer, and 10 mM dithiothreitol (DTT) was added to the solution to prevent polyproteins from forming dimmers. A drop of $10-lL solution was incubated on the Ni-coated cover slips for 15 min and then rinsed with PBS to remove unbound polyproteins. The AFM probe used in the experiments was MLCT (Bruker, CA) with typical spring constant of 0.03 N/m, and the pulling speed was $0.5 nm/ms.
Homology modeling
Three-dimensional (3D) structural models for 38 Ig domains with unknown 3D structures in the I-band of cardiac titin and the four designed domains I1s1s2, I1s1s2-w1w3, I1_I27AB, and I1_I27AD were generated with standard methods successfully used in our laboratory in the past. 28,30 First, the sequences of the 38 titin domains were submitted to the metaserver, Genesilico 31 to search for the best template structure. All possible templates obtained from the metaserver were analyzed Figure 1 Sequences of the four engineered proteins. Location of the two unique motifs (s1, s2) for the strong Ig domains of titin are indicated in green on the sequence of wild-type I27 (I27_wt), and the two unique motifs of the weak Ig domains are mapped on the sequence of wild-type I1 (w1, w3, yellow). In the sequences of the four designed domains, I1s1s2, I1s1s2-w1w3, I1_I27AB, and I1_I27AD, residues originating from I1 are shown in blue, and residues from I27 are shown in red.
manually and the best template was selected for homology modeling. Homology model structures were generated using our homology modeling software package MPACK, and the software package modeller. 32 The model structures obtained from MPACK were further energy minimized using the FANTOM program. The RMSD value between the template and the model structures obtained from MPACK and modeller was found to be <0.5 Å . Finally, the model structures and the X-ray crystal structures of I1 and I27 were energy minimized in a water box with TIP3P water molecules for 10,000 iterations with the NAMD software tool 33 to test the stability of the model structures. The RMSD between the final model structures and the templates was calculated by Pymol (The PyMOL Molecular Graphics System, Version 1.3, Schrödinger, LLC).
RESULTS
Design of I1-like domains of titin with increased mechanical stability
The sequences of the different cardiac muscle Ig domains of the I-band are quite diverse with an average sequence identity of only 25%. 27 On the other hand, the available experimental 3D structures of titin domains, as the NMR solution structures of I27 6 and M5 7 , or the Xray crystal structure of I1 10 and our comprehensive 3D modeling for all the other 38 Ig cardiac titin domains indicate that all titin Ig domains share the same Ig-like fold despite the large variation of amino acid sequences. We analyzed the homologous sequences from up to 10 different species of titin domains for conservation of their PCPs of individual residues. By generating a multiple sequence alignment of all sequences of the weak domains I1, I4, and I5 across different species and correspondingly from the strong domains I27, I28, I32, and I34, we identified PCP motifs separately for weak and strong Ig domains by our software PCPMer. 28,34-37 . PCPMer defines PCP motifs by conservation of five quantitative descriptors of amino acids. 38 Some of the motifs are common to both families, reflecting the similar 3D fold of the domains. However, we were also able to find unique motifs for each family. 27 We consider those motifs as force specific that can be used to characterize weak and strong domains by a sequence signature.
These unique motifs, two strong motifs s1 and s2, and two weak motifs, w1 and w3, are mapped on the amino acid sequences of wild-type I27 and I1 domains (Fig. 1) . The design goal was to increase the mechanical strength of the weak domain I1 by introducing motifs from the strong domains, or to introduce segments encompassing these motifs. The unfolding force of wild-type I1 is $100 pN at pulling velocity of $0.5 nm/ms, 21 compared to $200 pN of I27. 22 In the alignment of the sequences of the domains I1 and I27, derived from a structural alignment of their 3D structures, we substituted homologous positions in I1 by residues corresponding to the strong motifs s1 and s2 in I27 (construct domain I1s1s2). In another construct, I1s1s2-w1w3, the weak motifs w1 and w3 in I1 were additionally replaced by corresponding res- idues from I27. To ensure that the side-chain interactions and hydrophobic interactions in the core are also considered, we constructed two other hybrid proteins, I1_I27AB by introducing the whole segment of A-B strands and I1_I27AD by introducing A-D strands. Homology models for all four engineered proteins were generated using I1 (PDB: 1G1C) as template and the substituted resides were mapped on the models [ Fig.  2(A-D) ]. All four designed domains could be energy refined to similar low-energy values as the 3D models of the other Ig domains of cardiac titin and the experimentally known structures of I1 and I27, indicating that the designed domains have a stable fold [ Fig. 2(E) ].
Stability and folds of the designed domains
The CD spectra of the four polyproteins confirmed the stabilities of the designed domains. We measured far-UV CD spectra to evaluate the extent of the secondary structures using a polyprotein with the wild-type I1 as control. All the engineered proteins showed spectra of similar patterns, characteristic for b-strands proteins (Fig. 3) . The results confirmed that the engineered domains fold properly into b-sandwich structures.
The mechanical strengths of the engineered novel proteins
The mechanical strengths of the designed domains were measured by AFM in the context of a polyprotein with five domains [Fig. 4(A) ]. The target domain containing the four designed domains or the domain I1 (as a control) is fused to two wild-type I27 domains on either side. The wt I27 domain serves as a calibration domain for the force measurement. The molecular weight of the polyprotein is $50 kDa, which was verified in SDS-PAGE [ Fig. 4(B) ]. The AFM measurements were carried out in PBS buffer and 10 mM DTT was added to the solution to prevent polyproteins from forming dimers.
With the wild-type I1 as target domain, we observed one low peak for the I1 domain and four high peaks for the I27 domain in the force extension profile as expected [ Fig. 4(C) ]. The four peaks around 200 pN correspond to the mechanical unfolding of the four I27 domains and the lower peak around 100 pN corresponds to the unfolding of wild-type I1 domain. Statistical analysis of the peaks in 44 recordings confirmed this assignment with a mean force of $100 pN (98 AE 22 pN) in 44 low peaks and $200 pN (201 AE 27 pN) for 176 high peaks [ Fig. 4(D) ]. The bimodal distribution of these unfolding forces demonstrates the significant difference in the mechanical strengths of the I1 and I27 domains.
For the polyprotein containing the I1s1s2 target domain, we observed five peaks with approximately the same unfolding force 5(D) ]. This observation indicates that the mechanical strength of the designed domain I1s1s2-w1w3 increased by about 90 pN. In the case of the I1_I27AB polyprotein, we found that many of the force-extension curves show a low peak of about 100 pN [ Fig. 5(E) ]. The histogram of the force barriers found in the recordings of 206 experiments shows a bimodal distribution with many unfolding force peaks near 100 pN [ Fig. 5(F) ]. Hence, the I1_I27AB mutant does not change the I1 mechanical stability. We were not able to obtain clean records for the polyprotein containing the domain I1_I27AD as target, probably owing to the low stability of that domain. The AFM results for the designed domains I1s1s2 and I1s1s2-w1w3 clearly demonstrate the success of the design strategy and encourage us to further pursue this strategy with other domain structures and other folds. Far-UV CD spectra for the engineered proteins. The spectra of all engineered proteins showed features of predominantly b-strands secondary structures similar to the spectrum in the wild-type I1.
Protein Design with Enhanced Stability
DISCUSSION
Experimental data on the mechanical strength for about 100 protein domains have been determined so far and are available in the BSDB database 39 and promising progress has been achieved to computationally predict the unfolding forces from the sequences and 3D structures by SMD calculations 15,40 and Go-like models 41-43 . However, the rational design of proteins with specific mechanical properties remains challenging. 5, 25 We propose a new approach, based on force-specific sequence motifs, that can guide the engineering of proteins with specific mechanical strengths. We have used titin as an experimental model system to develop our design strategy and to test our computational predictions for the mechanical strength. The use of AFM allows the determination of the mechanical strengths of titin, and has advanced to the point that one can measure the response of individual domains to an applied external force. 4,24 Our approach introduces a new sequencebased perspective that has the potential to be applicable to all protein fold types, and is particularly relevant for all cases where AFM data of structurally related proteins are available.
Based on the previous study on linear sequence motifs of weak and strong titin domains, 27 we tested the usefulness of the sequence motifs for the design of novel proteins with increased mechanical strength. We provide clear experimental evidence by the AFM recordings of the designed domains (Figs. 4 and 5 ) that the mechanical strength of two of our constructs has increased the mechanical strength from about 100 to about 200 pN. This dramatic increase of the mechanical strength is remarkable as the studies with similar titin domains were only partially successful. 25 For example, SMD simulations of the unfolding pathway of the Ig domain I27 indicated that backbone hydrogen bonds between the A 0 and G strands of I27 played a key role in its mechanical stability. 44 However, proline mutagenesis experiments aimed at breaking these key bonds showed that there are also other important interactions. 22 In addition, Sharma et al. 45 shuffled large segments between I27 and I32 in an attempt to generate hybrid domains that would share mechanical properties of their parent domains. They found that the A 0 -G patch is not the only structural region responsible for the mechanical stability of titin Ig domains, a conclusion confirmed by our sequence analysis. 27 Our article describes the first experimental study to evaluate PCP motifs for the design of mechanically stronger domains. We do not claim that our approach solves the rational design problem, but we present encouraging experimental results that demonstrate the potential of the method. We suggest that the method might be most useful in combination with SMD calculations, 15,46 analysis of side-chain packing in the hydrophobic core, 47 and /-value analysis of the transition state. 26,48 As protein engineering guided by those approaches involves a careful selection of the residues for evaluation, our method can be used as an additional filter in the screening of the residues.
The computational analysis of forced unfolding of proteins has been pioneered by Schulten's group using SMD calculations. 8,9 These studies on the mechanical stability of titin Ig domains have provided us with the A 0 G clamp as an important determinant of the high mechanical stability of titin domains. However, it is still an open question to what extent other interactions, such as side-chain packing, can influence the mechanical strength. Clarke's group used the analysis of hydrophobic core packing as a guide in the re-engineering of a fibronectin type III domain. 49 The side-chain core of the third domain (TNfn3) of fibronectin was compared to that of the homologous tenth domain (FNfn10). The hydrophobic core of FNfn10 was then replaced with that of the homologous, mechanically stronger TNfn3 domain, increasing the mechanical stability of the engineered FNfn10. In a recent study of the macro domain AF1521, a protein from the thermophilic bacteria Archaeoglobus fulgidus showed that water accessibility of the load bearing hydrogen bonds was correlated with mechanical stability. 50 Another interesting attempt was by Li group to engineer metal chelation sites into various locations of GB1. The binding of metal ions stabilized native state over unfold- Protein Design with Enhanced Stability ing transition state. 51 Calculations with Go-like models identified a series of structural motifs that might be correlated with high tensile forces, for example cysteine slipknots were observed in several proteins with high unfolding forces. 52 It remains to be seen to what extent Go-like models or modified SMD strategies, such as PUFF, 53 can be combined with the sequence-specific motif approach to provide a general strategy for designing proteins with specific mechanical properties. All these examples make clear that we are far from a comprehensive understanding of the molecular nature of the mechanical strength of a given protein, and there are no established general approaches to re-engineer homologous domains with a specific mechanical strength.
The evaluation of our different constructs by AFM measurements is not completely consistent with our predictions and several open questions remain. In the construct I1s1s2-w1w3, we planned to ''remove'' the weak motifs in I1 by replacing the residues in I1 in those motif regions with the corresponding residues in I27. The reengineered protein was stronger than I1, but with a similar increase as I1s1s2. Thus, ''removing'' the weak motif did not further strengthen the domain. Hence, the importance of weak motifs in the design process is not completely clear. Also, we did not analyze the relative contribution of the individual motifs to the mechanical strength of a domain. This will be the topics of future studies.
The motif-based approach might also uncover the molecular mechanism of genetic mutations in the muscle protein titin that have been linked to dilated cardiomyopathy (DCM), 54 hypertrophic cardiomyopathy, 55 and tibial muscular dystrophy. 56 DCM and associated heart failure are major causes of human morbidity and mortality. The reported disease-causing missense mutations target Ig domains that localize to the molecule's Z-disk region and the elastic I-band. Mutations may uncouple domains from their binding partners and lead to stresssensing defects, myocyte dysfunction, and cardiac chamber dilation. We can apply our force-specific motif approach to those pathogenic mutations and predict which of these mutations are directly related to modification of the mechanical stability of these proteins.
CONCLUSION
Here, we show the results of a first experimental study to evaluate the usefulness of PCP motifs in the design of mechanically stronger domains. The mechanical strengths of two of our re-engineered proteins constructs have significantly increased, demonstrating the potential of our method. Although several open questions regarding the optimal strategy for combining motifs and the usefulness of weak motifs remain, we suggest that the method can be used in combination with other methods as a filter to select relevant residues. Our approach could be similarly applied to other types of protein fold and could be used to explain the experimentally observed hierarchy of mechanical strength of all titin Ig domains.
